Chemical and physical properties of soil can be altered with the successive application of liquid swine manure (LSM), also known as slurry. Therefore, monitoring the impact of LSM is essential to an assessment of the potential agronomic and environmental benefits and risks associated with management practices. The aim of this study was to evaluate the effects of LSM on the chemical and physical attributes of soil under pasture (Cynodon spp.), located in southern Brazil. Four areas were sampled: three areas cultivated with Cynodon spp. pasture with successive applications of 200 m 3 ha -1 y -1 of LSM for three, eight and 15 years; and untreated native forest as a reference. The soil attributes evaluated were: organic carbon (OC), active (pH water) and potential acidity (H + Al + 3 ), nutrient availability (i.e., P, K, Ca, Mg, Cu and Zn), soil bulk density, macro, micro and total porosity. Successive applications of LSM on pasture reduced soil active acidity, and increased the soil organic C and plant-available N, P, Ca, Mg, Cu and Zn contents. These effects were more intense with time and in the shallowest layers, i.e. 0-10 cm.
Introduction
The production of pork meat is concentrated in family farms in southern Brazil, and plays a fundamental role in the socio-economic development of the region. However, the environmental impacts associated with large amounts of manure produced by intensive swine production in small farms have caused intense debates, threatening the sustainability of this productive chain. In Brazil, 43 million animals are slaughtered annually (FAO, 2019) , producing ~300 million liters of liquid swine manure (LSM) daily (Oliveira et al., 2017) . Therefore, to define an environmentally correct fate for LSM is one of the major challenges faced in the last decades by swine producers and stakeholders.
Historically, LSM has been used as organic fertilizer, mainly as a source of N (Woli et al., 2013) , in areas cultivated with pastures and annual crops (Freitas et al., 2018; Guardini et al., 2012; Oliveira et al., 2017) . Successive applications of LSM, as organic fertilizer, enhance the growth and accumulation of dry matter biomass of Cynodon sp. cv. Tifton 85 (Ames et al., 2014) , which is well-adapted to the subtropical climate conditions of southern Brazil, and is characterized by rapid growth and high digestibility (Burton, 2001) .
Nutrient recycling from the application of LSM in the soil is important to increasing the sustainability of the production system . Several studies have revealed that successive applications of LSM can increase soil P, K, Mg, Ca, Cu, Mn and Zn con-tents, mainly in the surface layers, i.e., 0-10 cm (Formentini et al., 2015; Lourenzi et al., 2015; Grohskopf et al., 2016a; Boitt et al., 2018) , and influence the attributes of soil acidity (Lourenzi et al., 2015) . Long-term use of LSM may increase soil C (Oliveira et al., 2017) , with positive implications for chemical and physical properties of the soil (Cherubin et al., 2016) . In the short term, LSM promotes few or even no changes in soil physical attributes, i.e. soil bulk density, macroporosity, total porosity (Freitas et al., 2018; Cherubin et al., 2015) . However, the increasing C probably does have positive implications for physical quality (Johannes et al., 2017) , which may result in increased soil resilience and resistance to compaction (Bonetti et al., 2017) , the main cause of pasture degradation (Drewry et al., 2008) .
Based on this, the hypothesis was that long-term use of LSM improves not only the soil chemical attributes, but also the soil physical attributes, offering a strategy for the sustaining of soil quality in cultivated pastures. Thus, a field study was conducted to evaluate changes in the chemical and physical attributes of soil in Cynodon pasture areas under successive LSM application for different lengths of time. Soil quality induced by swine manure use Sci. Agric. v.77, n.5, e20190017, 2020
The regional climate is subtropical humid with hot summers, Cfa type (Köppen climate classification) (Alvares et al., 2014) , presenting an average annual temperature of 18 °C and average annual precipitation of 1,800 mm. The soil in the area was characterized as a Hapludox (Soil Survey Staff, 2014) , with 510 g kg -1 of clay. The mineralogy of the clay-size fraction is composed mainly of clay minerals (i.e., kaolinite) and iron and aluminum oxides (Schaefer et al., 2008) in a ratio of 1:1.
The study was conducted on three adjacent areas cultivated with cv. Tifton 85 (Cynodon spp.) for animal grazing, which were subjected to annual applications of LSM for three, eight and 15 years, respectively, ( Figure  1B ) plus an undisturbed native forest area which was sampled as a reference. The LSM-amended areas presented a slope of 3 %, and there were terraces to prevent runoff and potential loss of soil and manure. Historically, before the pasture was planted, the areas had been cultivated with annual crops, such as corn, sorghum and soybean in the summers, and oats and ryegrass for grazing in the winters. The pasture was planted including soil tillage down to a depth of 30 cm followed by light harrowing. The next stage was for these areas to receive broadcast application of approximately 200 m 3 ha -1 yr -1 of LSM. Although there were no records of the exact composition of the LSM applied over the years, the amount of nutrients and organic C added in the areas was estimated based on available data in the literature (Table 1) .
Soil sampling
In each of the areas studied (i.e., three, eight and 15 years of LSM use and native forest), six sample points were randomly demarcated. At each point, both disturbed and undisturbed samples were collected for chemical and physical analysis, respectively. Soil sam-ples were taken from the soil in Oct 2014, and the samples with preserved structure were collected using metal cylinders (5 cm high × 4.8 cm diameter), from layers 2-7; 10-15; 15-20 and 20-25 cm. Disturbed samples were collected from layers 0-5; 5-10; 10-15; 15-20 and 20-25 cm, each sample being composed of three subsamples. Both disturbed and undisturbed samples were stored in identified plastic bags and transported to the soil chemical and physical laboratory for preparation and analysis.
Soil chemical and physical attributes
Disturbed samples were oven dried at 40 °C for 72 h and then sieved and the 2 mm mesh portion collected. Organic C was determined according to the methodology employed by Yeomans and Bremner (1988) , in which 0.5 g of soil was digested with 5 mL of potassium dichromate solution (1N) plus 7.5 mL of concentrated sulphuric acid (H 2 SO 4 ) at 170 °C for 30 min. Afterwards, the solution was titrated with Mohr's salt solution (0.2N). The pH was determined by potentiometry in the soil suspension and water (1:1). Soil available P and K were extracted by the Mehlich-1 solution (HCl 0.05 mol L -1 + H 2 SO 4 0.0125 mol L -1 ). Briefly, for each sample, 3 cm -3 of soil was added with 30 mL of Mehlich-1 solution in a glass snap-cap vial, agitated for 5 min and left to sediment overnight. Next day, 3 to 6 mL of supernatant were extracted to quantify available P and K by the flame photometry and colorimetry method, respectively. Exchangeable soil Ca and Mg were extracted from 2.5 cm -3 of soil by 50 mL of KCl solution (1 mol L -1 ). The solution was agitated for 30 min, left to sediment overnight, and then, 5 mL was extracted to quantify Ca and Mg by atomic absorption spectrometry. The available Cu and Zn were extracted from 10 cm -3 of soil by 40 mL of HCl solution (0.1 mol L -1 ). The solution was agitated for 30 min, left to sediment overnight and then, these elements were quantified by atomic absorption spectrometry. All the chemical analysis methodologies are described in detail in Teixeira et al. (2017) .
Undisturbed samples were saturated with water by capillarity in plastic trays, and afterwards equilibrated in the matrix potential of -6 kPa in a tension table. Soil bulk density (ρ b ) was calculated by dividing the dry soil mass by the cylinder volume. Total porosity (Tp) was determined by calculation, where Tp = 1 -(ρ b / Dp), ρ b is bulk density and Dp soil particle density. The Dp was determined by the volumetric balloon method for each area. The determined Dp were 2.94 kg dm -3 , 2.90 kg dm -3 , 2.75 kg dm -3 and 2.94 kg dm -3 for the areas under three, eight and 15 years of LSM applications, and native forest, respectively. Soil macroporosity was determined by the difference between the water content in the saturated sample and the retained water of the sample submitted to the matrix potential -6 kPa, whereas the estimation of microporosity was based on the water content retained in the sample submitted to the matrix potential of -6 kPa. These methodologies are also described in Teixeira et al. (2017) .
Statistical analysis
The data were subjected to analysis of variance (ANOVA) considering the layers evaluated as a variation factor. Where significant (F test p < 0.05), the means were compared by Tukey's test (p < 0.05) using the R software program (R Core Team, version 3.3).
Results and Discussion

Organic C and attributes of soil acidity
The successive applications of LSM for 15 years in Cynodon spp. cultivation promoted increases in soil organic C levels at levels equivalent to those found in native forest ( Figure 2A and Table 2 ). However, this increase was focused on the shallowest 0-5 cm layer, with no changes observed in the layers of 10-15, 15-20 and 20-25 cm. Increases in organic C induced by the use of LSM has been reported in the literature (Lourenzi et al., 2011; Brunetto et al., 2012; Mafra et al., 2015) , especially in studies on pastures (Oliveira et al., 2017) . In general, these soil organic C increases in areas under LSM application can be attributed to two aspects: i) direct organic C inputs by LSM, despite the low solids concentration of this manure (Table 1) ; ii) indirect contribution through nutrient inputs, especially N (Table 1) , which enhances soil fertility, sustaining higher above-and below ground biomass yields, and consequently increase soil organic C by the decomposition of roots and crop residues Oliveira et al., 2017) .
Higher increments in soil organic C in the surface layer can be explained by the surface applications of LSM associated with higher root turnover in the soil depth and absence of soil mobilization in the pasture since planting. However, after 20 years of LSM application, Oliveira et al. (2017) showed that increases in organic C in Cynodon spp. pasture reached a depth of 40 cm. In addition to the application duration, soil texture also affects the vertical movement of organic C in the profile. In sandy soils, high doses of LSM can saturate the surface functional groups of mineral particles , and stimulate the migration of these When the difference between the points is greater than the line there is a significant difference between the treatments. Soil quality induced by swine manure use Sci. Agric. v.77, n.5, e20190017, 2020 organic components/molecules in the soil profile, i.e., up to 30 cm or 60 cm (Lourenzi et al., 2011) . Therefore, the application of LSM and other animal wastes becomes an important alternative for increasing soil organic C stocks both locally and globally (Maillard and Angers, 2014) . Potential acidity (H +Al) was higher in the areas with LSM application in the 0-5 cm layer compared to the native forest, while in the 10-15 cm layer only the area with LSM application for eight years was different from the others ( Figure 2B and Table 2 ). These results differ from those of Lourenzi et al. (2011) and Brunetto et al. (2012) , which reported no change in potential acidity after successive LSM applications. Increments in potential acidity observed in this study are likely associated with increases in soil organic C (Figure 2A , Table  2 ), which present carboxylic and phenolic groups in humic and fulvic acids from the organic compounds of LSM (Lourenzi et al., 2011; Brunetto et al., 2012) . Considering that negative electric charges present in tropical soils are directly associated with soil organic matter, organic C in-crements verified from the use of LSM are important for the retention of nutrients and pollutants in the soil. The values of pH and base saturation had no significant interaction between the areas and the layers; thus, a simple effect of LSM application was shown in Figures 3A and 3B . Higher pH values ( Figure 3A ) and base saturation percentages ( Figure 3B ) were observed in the area with 15 years of LSM application, which presented no differences from native forest ( Figure 3A ). In the long term, successive LSM applications attenuated soil acidity (Lourenzi et al., 2011) , as well as increasing the base saturation of the soil (Oliveira et al., 2017) due to alkaline properties and dissociation of carbonates present in LSM (Chantigny et al., 2004) . The reduction in active acidity can also be related to increases in soil organic C Lourenzi et al., 2011) , since it stimulates the adsorption of H + in the functional groups of the organic molecules, converging with higher pH values found in the areas with a greater amount of soil organic C in the surface layer (Figure 2A) . 
Soil nutrient availability
The application of LSM promoted an increase in available soil P contents in pasture areas, compared to native forest ( Figure 4A and Table 2 ). These increases were most noticeable down to the 10-15 cm layer, reaching 100, 270 and 250 mg dm -3 in areas under three, eight and 15 years with the use of LSM in the 0-5 cm layer, while in the native forest soil P content was 6.1 mg dm -3 . In deeper layers (15-20 and 20-25 cm), available P contents were lower than 45 mg dm -3 in all areas.
In tropical soils, the great majority of soil P is adsorbed in Fe and Al oxides through the ligand exchange mechanism with high energy, a unidirectional process that makes P unavailable to plants Cherubin et al., 2016; Rodrigues et al., 2017) . Therefore, P is immobile in the soil profile, which explains its high concentration in the shallowest layers with successive additions of LSM, as has also been reported in the literature (Ceretta et al., 2010; Lourenzi et al., 2015; Oliveira et al., 2017; Boitt et al., 2018) . However, excessive increments of P in soil solution associated with presence of organic acids may saturate surface functional groups in the topsoil, which may increase P vertical migration (Pavinato and Rosolem, 2008; Fink et al., 2016) .
Studies have shown that the concentration of P in the surface layers is higher with the application of LSM, increasing down to the 20-25 cm layer (Ceretta et al., 2010; Boitt et al., 2018) . The increase of P at depth with the application of manure occurs mainly in inorganic form (Koopmans et al., 2007; Ojekanmi et al., 2011) , without affecting the partition between inorganic and organic forms after seven years of application of LSM (Ceretta et al., 2010) . In addition, about 48 % of the P in LSM is found in water-soluble form (Li et al., 2014) . Thus, the successive application of LSM increases the amount of P in the labile forms in the soil solution (Ceretta et al., 2010) , which are susceptible to movement and loss with the percolation water. Boitt et al. (2018) point out that 58-83 % of the P added through 15 years of LSM application remained in the soil, whereas 6 to 38 % was not recovered, possibly being lost by leaching.
The concentration of P in the soil reached values of 250 mg kg -1 , and was classified as "very high" according to soil fertility standards for suitable crop nutrition (CQFS-RS/SC, 2016). Thus, the amount of P above the crop requirement corresponds to overfertilization and may exceed the critical environmental limit of the soil nutrient (Gatiboni et al., 2015) , thereby increasing the risk of movement of this contaminant, especially through surface runoff (Lourenzi et al., 2015) to water bodies, and becoming an important source of environmental pollution (Gatiboni et al., 2015) . A study conducted by Lourenzi et al. (2015) revealed that the main forms of P carried by runoff were available P, soluble P and particulate P. Therefore, monitoring soil P levels in areas under successive LSM applications should be carried out periodically, so that excessive increase of P levels under pasture can be carefully evaluated (Oliveira et al., 2017) . These precautions are even more important in undulating landscapes, which are typical in swine farms in southern Brazil, since they intensify the risks of P transfer via runoff to watercourses close to the areas of LSM application.
The use of LSM for eight and 15 years promoted an increase in K content in soil relative to areas with three years of LSM application or native forest ( Figure  4B and Table 2) , even under forage cultivation with a large amount of K (Brink et al., 2003) . In the 15 years of LSM-amended area, the K content was higher in the 0-5, 5-10 and 10-15 cm layers, while in the eight-year area the highest levels were found in the 15-20 and 20-25 cm layers. Despite being numerically higher, soil K content in the three-year area of LSM application did not significantly differ from the native forest, except for the 15-20 cm layer, where K levels are higher in the LSMamended areas ( Figure 4B and Table 2 ).
K presents lower retention in soil colloids in comparison to Ca and Mg, due to its monovalence and greater hydration radius, making it more mobile in the . v.77, n.5, e20190017, 2020 soil. This explains the increase in K with greater depth following successive applications of LSM (Lourenzi et al., 2013; Grohskopf et al., 2016a; Oliveira et al., 2017) . However, increases in negative charges in the soil induced by higher organic C content and pH values in the surface layer may also reduce K translocation to deeper soil layers (Ernani et al., 2012) , as observed for the area fertilised for 15 years compared to the area fertilised for eight years ( Figure 4B and Table 2 ). Increases in soil K induced by LSM application agree with results reported by Oliveira et al. (2017) , which verified that K levels in pasture areas fertilised with LSM over 15 years were 2, 3 and even 4 times higher in the 0-10, 10-20 and 20-40 cm layers respectively, compared to those quantified in the native forest. As discussed for P, the excess of K in soil can also become a problem, due to the imbalance in relationships with other cations, such as Ca and Mg in the exchange complex.
The Ca and Mg contents of the soil were also increased by the application of LSM ( Figure 4C and D, Table 2 ), although the absolute increases were less than those observed for P and K. Despite this, 15 years of LSM application were not enough to increase Ca content in the surface layer (0-5 cm) to levels similar to those verified in native forest ( Figure 4C and Table 2 ). However, in the deeper layers, Ca content did not differ between areas under 15 years of LSM application and native forest. The use of LSM promoted gradual increases in Mg content over time; however, regardless of the LSM application time, the values remained lower than those observed in native forest soil. In sandy soil (17 % of clay), Lourenzi et al. (2011) observed increases in Ca and Mg down to a depth of 20 cm after 19 applications of LSM. In very clayey soil, Oliveira et al. (2017) found increases down to a depth of 40 cm under pasture with more than 15 years of LSM applications. Thus, cation movement in sandy soils is explained by the LSM load and the length of time management has had this strategy in force.
With regard to to the Cu and Zn concentrations, soils under pasture with successive applications of LSM showed high concentrations of these micronutrients, up to six and four times higher than the native forest in the surface layers ( Figure 4E and F and Table 2 ) -the longer the use time of LSM, the higher the nutrient content in the soil. The concentrations reduced with depth, and from the 15-20 cm layer there were no measurable differences between soils under pasture or native forest. The LSM had high concentrations of Cu and Zn as they were supplemented via swine feed and later excreted in the feces (Li et al., 2007) . These elements have little mobility in the soil, therefore, successive LSM applications have been associated with accumulations in the surface layers (Formentini et al., 2015; De Conti et al., 2016; Oliveira et al., 2017) . Cu has a high affinity for forming stable complexes with functional groups of soil organic matter (De Conti et al., 2016) , while Zn is primarily adsorbed on surface functional groupings of mineral particles, such as iron oxides (Grohskopf et al., 2016b) . Furthermore, the pH of soil solution affects the solubility of both elements (De Conti et al., 2016) .
The soil contents of Cu > 0.4 and Zn > 0.5 mg dm -3 are classified as "very high" in terms of plant nutrition (CQFS-RS/SC, 2016), and it was observed that the natural background is also rich in these elements. For example, the native forest soil content of these elements is very high. A high level of Cu and Zn can be associated with an abundance of these elements in the basalt, which is the parental material of the soils in the area studied (Formentini et al., 2015) . However, when using LSM these levels increased significantly, raising concerns about soil contamination, as well as the transfer of these elements to the watercourses nearby (Formentini et al., 2015; Broetto et al., 2014; Pereira et al., 2016; De Conti et al., 2016; Oliveira et al., 2017) . Therefore, the monitoring of these areas of continuous use of LSM is fundamental to properly planned LSM application (i.e., reducing the applied volume or even ceasing the application) in a way that avoids problems related to contamination of heavy metals in pasture areas as well as its transfer within the trophic chain of the production system.
Impacts of LSM applications on soil physical attributes
Soil bulk density was significantly higher in the area with three years of LSM, decreasing with increasing time of use of LSM, especially in the shallower layer (2-7 cm) ( Table 3 ). In the deeper layers, soils under pasture, regardless of the time of LSM use, presented ρ b values higher than the native forest soil. Variations in ρ b caused by the soil management directly affected pore distribution in the soil. Thus, higher ρ b values were associated with a reduction in porous space in the soil, especially in relation to macroporosity (Table 3) , which was lower by 10 % in the pasture areas, indicating potential restriction of the diffusion of oxygen in the soil and, consequently, to plant growth. The highest ρ b in the area with three years of LSM application may be an effect of animal trampling (Ambus et al., 2018) and associated soil compaction from soil tillage and machine traffic. In this situation, the use of LSM for three years seems not to have been enough to provide improvements in the structural quality of the soil, not even in the surface layer. Cherubin et al. (2015) also showed that the application of up to 80 m 3 ha -1 yr -1 of LSM in notillage areas did not reduce ρ b to levels similar to native forest. However, results reported by Freitas et al. (2018) , where the application of LSM up to a dosage of 480 m 3 ha -1 yr -1 , for four years in perennial pasture, reduced ρ b in the superficial layer.
In the eight and 15 year areas, the time elapsed after planting the pasture and the action of the Cynodon root system probably led to a better restructuring of the surface soil layer. In addition, prolonged use of LSM allowed for C increases in the surface layers (Figure 2A) , which favors the formation of organomineral complexes (Six et al., 2004) and biological activity, which positively affect the process of soil aggregation (Lehmann et al., 2017) . Consequently the structural quality of the soil showed that an increase in C was positively associated with the reduction in ρ b (Figure 5 ). However, taking into consideration the high values of ρ b and reduced macroporosity, and values observed in the pasture areas (Table 3) , these benefits to the soil structure provided by the successive use of LSM are still very limited and are insufficient to fully alleviate limiting conditions induced by soil compaction to ensure suitable root growth (Moraes et al., 2018) .
Conclusions
Successive applications of LSM (200 m 3 ha -1 yr -1 ) in the Cynodon spp. pasture areas reduces active acidity and increases the organic C content and plant-available nutrient (P, K, Ca, Mg, Cu and Zn) contents in the soil. However, most of these effects were only significant in the surface layers (0-10 cm) and increased according to the duration of application of LSM in the area (15 > eight > three years). Despite the benefits promoted by the use of LSM to soil chemical quality, excessive increases in P, Cu and Zn should be monitored to minimize the risks of soil pollution as well as surface and groundwater contamination.
Changes in soil physical attributes were more related to the land use (pasture versus native forest) than to the duration of application of LSM. Soil physical quality was slightly enhanced by the long-term use of LSM (15 years), with small reductions in ρ b and increases in porosity of the soil surface layer. Therefore, the effect of LSM in the period evaluated is not enough to significantly attenuate the physical degradation of the soil imposed by continuous animal grazing in Cynodon pasture areas. 
